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O (57) Abstract: A microelcctrojoc programmable structure and methods of forming and programming the structure are disclosed. 
p> The programmable struct ore generally include an ion conductor (140) and a plurality of electrodes (160, 120) Electrical properties 
r of the structure may be altered by applying a bias across the electrodes, and thos information may be stored nsing the structure. 
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ITELDOPTtelNVE^ON 
life present invention generally relates to microelectronic devices. Moire 
particularly, the invention relates to programmable rwcroelectronic structures suitable for 
use in integrated circuits. 

BACKGROUND OP THE D^ffltON 

Memory devices ate often used in electronic systems and computers to store 
information in the form of binary data. These memory devices may be characterized into 
various types, each type having associated with it various advantages and disadvantages. 

For example, random access memory ("RAM") which may be found in personal 
computers is typically volatile semiconductor memory; in other words, the stored data is lost 
if the power source is disconnected or removed. Dynamic RAM ("DRAM") is particularly 
Volatile in that it must be "refreshed" (/.c, recharged) every few miaoseconds in order to 
maintain the stored data. Static RAM ("SRAM 7 ) will hold the data after one writing so long 
as the power source is maintained; once the power source is disconnected, however, the data 
is lost Thus, in these volatile memory configurations, information is only retained so long 
as the power to the system is not turned oft In general, these RAM devices can take up 
significant chip area and therefore may be expensive to manufacture and consume relatively 
large amounts of energy for data storage. Accordingly, improved memory devices suitable 
for use in personal computers and the hlce are desirable. 

Other storage devices such as magnetic storage devices (e.&, floppy disks, hard disks 
and miujhetic tape) a* well as other systems, such as optical disks, C3t>-RW and DVTMOY 
are rion-vblatile, haVe extremely high capacity, and can be rewritten -many times. 
Unfortunately, these memory devices are physically large, are shockfribi^c^sensitrve, 
require expensive mechanical drives, and may consume relatively large amounts of power. 
These negative aspects make such memory devices non-ideal for low power portable 
applications such as lap-top and palm-top computers, personal digital assistants ("PDAs"), 
and the like. 

Due, at least in part, to a rapidly growing numbers of compact, low-power portable 
computer systems in which stored information changes regularly, low energy read/write 
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semiconductor memories have become increasingly desirable and Widespread Furthermore, 
because these portable systems often rexjuire data sta^ 
volatile storage device are desired for use in such, systems. 

One type of j^dgjfairitoable semiconductor non-volatile memory device suitable for 
5 use in such systems is a programmable read-only memory CTROM") device,' One type of 
PfcOM, a wrnVonce read-rnany QUOkbT) device, uses an array of fusible links. Once 
j^gra^nrnfcd, the WORM device cannot be reprOgrammed. 

Other forms of PROM devices include erasable PROM (^ROM") and electrically 
erasable PROM (EfiPROM) devices, which are alterable after an initial prognunrning. 
10 EPROM devices generally require ail erase step involving exposure to ultra violet light prior 
to programming the device. Thus, such devices are generally not well suited for use in 
portable electronic devices. EEPROM devices are generally easier to program, but suffer 
from other deficiencies. In particular, EEPROM devices are relatively complex, are 
relatively difficult to manufacture, and are relatively large. Furthermore, a circuit including 
15 EEPROM devices inust withstand the high voltages necessary to program the device. 
Consequently, EEPROM cost per bit of memory capacity is extremely high compared with 
other means of data storage. Another disadvantage of EEPROM devices is that, although 
they can retain data without having the power source connected, they require relatively large 
amounts Of power to program, this power drain can be considerable in a compact portable 
20 system powered by.a battery. 

In view of the various problems associated with conventional data storage devices 
described above, a relatively non-volatile, programmable device which is relatively simple 
and inexpensive to produce is desired. Furthermore, this memory technology should meet 
the retnnrements i of the new generation of portable computer devices by operating at a 
25 relatrvely ldyv voltage wnito ^tfviding high storage density and a loiV rnarJufactorifig cost 

summary pt rm mmn <m 

The present invention provides improved microelectronic devices for use in 
integrated circuits. More particularly, the invention provides relatively non-volatile, 
30 programmable devices suitable for memory and other integrated circuits. 

The ways in which the present invention addresses various drawbacks of now-known 
r^grammable devices are discussed in greater detail below. However, , in general, the 
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Resent invention provides a prognmimable device thai is relatively easy and inexpensrve to 
maimfacture, and which is relatively easy to program. 

In accordance with one exemplary embodiment of the present invention, a 
programmable structure inctodes anioncoridutfo^ The structure 

5 is configured such thai when a bias is applied across two electrodes, one or more electrical 
properties of the structure change. In accordance with one aspect of this embodiment, a 
resistance across the structure changes when a bias is applied across the electrodes. In 
accordance whh other aspects of tto 

of the structure changes upon application of a bias across the electrodes. One or more of 
10 these electrical changes may suitably be detected Thus; stored information may be retrieved 

from a circuit including the structure. 

In accordance with another exemplary embodiment of the invention,, a programmable 

structure includes an ion conductor, at least two electrodes, and a barrier interposed between 

ai least a portion of one of the electrodes and the ion conductor. In accordance with one 
15 asp&t of this embodiment the barrier material includes a material configured to reduce 

difrbsibn of ions between the ion conductor and at least one electrode. The diflbsion barrier 

may also serve to prevent undesired eiectrodepbsit growth within a portion of the structure. 

In accordance with another aspect* the barrier material includes an insulating material. 

Inclusion of an insulating material increases the voltage required to reduce the resistance of 
20 the device. In accordance with yet another aspect of this embodiment, the barrier includes 

material that conducts ions, but which is relatively resistant to the conduction of electrons. 

Use of such material may reduce undesired plating at an electrode and increase the thermal 

stability of the device. 

In accordance with another exemplary embomm^ 

0 ' " ini 

the substrate, depositing a layer of ion conductor material over the first electrode, and 
debiting conductive material Onto the ion conductor material. In accordance with one 
aspect of this embodiment, a solid solution including the ion conductor and excess 
conductive material is formed by dissolving (e.g., via thermal and/or photodissobtion) a 
30 portion of the conductive material in the ion conductor. In accordance with a further aspect, 
only a portion of the conductive material is dissolved, such that a portion of the conductive 
material remains on a surface of the ion conductor to form an electrode on a surface of the 
ion conductor material. 
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In accordance with another embodiment of the present inveniion, at least a portion of 
a prbgnuhmabJe structure is formed within a through-hole or via In an insulating material. 
In accordance with one aspect of this embodiment, a first electrode feature is formed on a 
surface of a substrate, insulatirig material is deposited onto a surface of the electrode feature, 
5 a via is formed within the insulating material, and a portion of the progratamable structure is 
formed ivithin the via. After the via is formed within the insulating material, a portion of the 
structure wfthin the via is formed by depositing an ion conductive material onto the 
conductive material, depositing a second electrode material onto the ion conductive material, 
and, if desired, removing any excess electrode, ion conductor, and/or insulating material. In 

10 accordance with another aspect of this embodiment, only the ion conductor is formed within 
the via. In this case, a first electrode is formed below the insulating material an in contact 
with the ion conductor, and the second electrode is formed above the insulating material and 
in contact with the ion conductor. The configuration of the via may be changed to alter (e.g., 
reduce) a contact area between one or more of the electrodes and the ion conductor. 

15 Reducing the cross-sectional area of the interlace between' the ion conductor and the 
electrode increases the efficiency of the device (change in electrical property per amount of 
power supplied to the device). In accordance with another aspect of this embodiment, the 
via may extend through the lower electrode to reduce the interface area, between the 
electrode and the ion conductor. In accordance with yet another aspect of this embodiment, 

20 a portion of the ion conductor may be removed from the via or the ion conductor material 
may be dfrectionally deposited into only a portion of the via to further reduce an interface 
between an electrode and the ion conductor. 

In accordance with another embodiment of the irwention, a rtfognunmable device 
may be formed on a surface of a substrate. 

iS In accordance with a further exemplary embodiment of the invention, multiple bits of 

utforMto^ 

this embodiment, a j^grammable structure includes a floating electrode interposed between 
two additional electrodes. 

In accordance with yet another emtoriiment of the invention, multiple programmable 
30 devices are coupled together using a common electrode (e.g., a common anode or a common 
cathode). 

In accordance with yet another embodiment of the invention, multiple programmable 
devices share a common electrode. 
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In accordance with yet a further exemplary embodiment of the present invention, a 
capaotan^ of a programmable 
of the structure to inigrate. 

5 BHIEPDEgCRIPTION 0? THE DRAWINGS 

A more complete understanding of the present invention may be derived bf referring 
to the detailed description and claims, considered in connection with the figures, wherein 
like reference numbers refer to similar elements throughout the figures, and: 

Figure 1 is a cross-sectional illustration of a programmable structure formed on a 
10 surface of a Substrate in accordance with the present invention; 

Figure 2 is a cross-sectional illustration of a programmable structure in accordance 
with an alternative embodiment of the present invention; 

Figure 3 is a current-voltage diagram illustrating current and voltage characteristics 
of the device D rostrated in Figure 2 in an "on" and "off* state; 
: i-5 ; Figure 4 is a cross-sectional illustration of a programmable structure in accordance 

with yet another embodiment of the present invention; 

Figure 5 is a schematic illustration of a portion of a memory device in accordance 
with an exemplary embodiment of the present invention; 

Figure 6 is a schematic illustration of a portion of a memory device in accordance 
20 with an alternative embodiment of the present invention; 

Figures 7 and 8 are a cross-sectional illustrations of a programmable structure having 
an ion conductor/electrode contact interface formed about a perimeter of the ion conductor in 
accordance with another embodiment of the present invention; • 

, Figures 9 and 10 are a cross-sectional illustrations of a programmable structure 
25 having an ion condnct 6r/e3ectrode contact interface formed about a perimeter of the ion 
conductor in accordance with yet another embodiment of the present invention; '. 

Figures 1 1 and 12 illustrate a programmable device Jba^ 
in accordance with the present invention; 

Figures 13-19 illustrate programmable device structures with reduced electrode/ion 
30 conductor interface surface area in accordance with the present invention; 

Figure 20. illustrates a programmable device with a tapered ion conductor in 
accordance with the present invention; 
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Figures 21-24 illustrate a programmable device including a floating electrode in 
acctSrd&ace with the present invention; and 

Figures 25-29 illustrate common electrode programmable device structures in 
accordance "with the present invention. 
5 Skilled artisans will appreciate that elements in the figures are illustrated for 

{■■'•/SSso^kky clarity and have not necessarily been drawn to scale. For example, the 
dimensions of some of the elements in the figures may be exaggerated relative to other 
elements to help to improve understanding of embodiments of the present invention 

10 Dtet MLETD DESCRIPTION OF EXEMPLARY EMBODIMENTS 

The present invention generally relates to microelectronic devices. More 
particularly, the invention relates to programmable structures or devices suitable for various 
integrated circuit applications. 

Figures 1 and 2 illustrate programmable microelectronic structures 100 and 200 
IS formed on a surface of a substrate 1 10 in accordance with an exemplary embodiment of the 
present invention. Structures 100 and 200 include electrodes 120 and 130, an ion conductor 
140, and optionally include buffer or barrier layers 1 55 and/or 255. 

Generally, structures 1 00 and 200 are configured such that when a bias greater than a 
tin-eshoid voltage (Vt), discussed in more detail below, is applied across electrodes 120 and 
20 130, the electrical properties Of structure 100 change. For example, in accordance with one 

embodiment of the invention, as a voltage V £ Vr is applied across electrodes 120 and 130, 
conductive ions within ion conductor 140 begin to migrate and form an electrodepo sat (e.g., 
electrodeposit 160) at or near the more negative of electrodes 120 and 130; such an 
ele^odeposit, however, is dot required to practice the present invention The term 

25 \y-*&effi6&tyc& as* tased herein means any area within tie ion concroctbr that has an 
: ; n^eas^ of reduced metal or other conductive material comj>ared to the 

concentration of such material in the bulk ion conductor material As the electrodeposit 
forms, the resistance between electrodes 120 and 130 decreases, and other electrical 
properties may also change. In the absence of any insulating barriers, which are discussed in 

30 more detail below, the threshold voltage required to grow the electrodeposit from one 
electrode toward the other and thereby significantly reduce the resistance of the device is 
approximately the redox potential of the system, typically a few hundred niillrvolts. If the 
same voltage is applied in reverse, the electrodeposit will dissolve back into the ion 
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conductor and the device will rtuirn to a high resistance state. In accordance with other 
embodiments of the mventiori, application of an electric field between electrodes 120 and 
130 may cause ions dissolved ivrthin conductor 140 to migrate and thus cause a change in 
the electri cal properties of device 3 00, without the formation of an electrodeposit. Structures 

5 1 00 and 200 may be used to store information and thus may be used in memory circuits. For 
example, structure 100 or other programmable structures in accordance with the present 
invention may suitably be used in memory devices to replace DRAM, SRAM, PRQM, 
EPROM, <>* EEPROM devices. In addition, programmable structures of the present 
invention may be used for other applications where programming or changing of electrical 

10 properties of a portion of an electrical circuit are desired. 

Substrate HQ may include any suitable material. For example, substrate 110 may 
include seim conductive, conductive, semiinsulative, insulative material, or any combination 
of such materials. In accordance with one embodiment of the invention, substrate 110 
Includes an insulating material 112 and a portion 114 including microelectronic devices 

15 formed on a semiconductor substrate. Layers 1 12 and 114 may be separated by additional 
layers (not shown) such as, for example, layers typically used to form integrated circuits. 
Because the programmable structures can be formed over insulating or other materials, the 
programmable structures of the present invention are particularly well suited for applications 
where substrate (e.g., semiconductor material) space is a premium. » 

20 Electrodes 120 and 130 may be formed of any suitable conductive material. For 

example, electrodes 1 20 and 130 may be formed of doped polysilicon material or metal. 

In accordance with one exemplary embodiment of the invention, one of electrodes 
120 and 130 is formed of a material including a metal thai dissolves in ion conductor 140 

v*en a sufficient bias (V 2. Yt) is applied across the electrodes (oxidizabte electrode) and 
25 \ tie other electrode is relatively inert and does not dissolve during operation of the 
prograinmabje device (an indifferent electrode). For example, electrode 120 may be an 
anode during a writ e process and be comprised of a material mctoding silver that dissolves in 
ion conductor 140 and electrode 130 may be a cathode during the write process and be 
comprised of ah inert material such as tungsten, nickel, molybdenum, platinum, metal 
30 silicides, and the like. Having at least one electrode formed of a material including a metal 
which dissolves in ion conductor 140 facilitates maintaining a desired dissolved metal 
concentration within ion conductor 140, which in turn facilitates rapid and stable 
electrodeposit 160 formation within ion conductor 140 or other electrical property change 
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• during use of structure 100 and/or 200. Furtherniore, use of an inert material for the other 
dectfodfe (cathode during a write operation) facilitates dectrodissohrtion of any 
electrode^sit that may have formed and/or return of the programmable device to an erased 
state after application of a sbffident voltage. 
5 During an erase operation, dissolution of any electrodepostt that may have formed 

ai or near the oxidizable electrode/electrodej^ intexface. Initial 
dissoiutioh of the eleWddepdsit at the oxidizable dectrode/dectrodeposH interface may be 
facilitated by forming structure 100 such that the resistance of the at the oxidizable 
electrirte/d^ interface is greater than the resistance at any other point along the 

10'; dectrodeposh^ particularly, the interface between the electrodeposrt and the indifferent 
dectrode. 

. Grig way to achieve rdativdy low resistance ^ 
electrode of relatively inert, non^xidizing material such as platinum. Use of such material 
rechices formation of oxides at the interface between ion conductor 140 and the indifferent 
15 electrode as well as the formation of compounds or mixtures of the electrode material and 
itfti conductor 140 material, which typically have a higher resistance than ion conductor 140 
or the dectrbde material. 

Relatively low resistance at the mdiiferent electrode may also be obtained by 
. forming a barrier layer between the oxidizable electrode (anode during a write operation), 
20 wherein the barrier layer is formed of material having a relatively high resistance. 
Exemplary high resistance materials include layers (e.g., layer 155 and/or layer 255) of ion 
condud&g riateiial (e g!, A&0, AgxS, AgxSe, A&Te, where x £ 2, Ag y I, where x ;> 1, 

Gul 2 , CoO, CuS> CuSe, Cute, GeOj, or SiOj) interposed between ion conductor 140 and a 
"- V. tn'etal layer such as silver. Some of these materials have additional benefits as discussed in 

-;Mmtik gjrirwih and dissolution of an electrodepoat Can also be facilitated by 
^ mdirXerent electrode surface (e.g., a root mean square roughness of 

. greater than about 1 nm) at the dectrode/jon conductor interface. The roughened surface 
. may be formed by manipulating film deposition parameters and/or by etching a portion of 
30 one of the electrode of ion conductor surfaces. During a write operation, relatively high 
electrical fields form about the spikes or peaks of the roughened surface, and thus the 
electrodeposits are more likely to form about the spikes or peaks. As a result, more reliable 
and uniform changes in electrical properties for an applied voltage across electrodes 120 and 
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136 jodfay be obtained by providing a roughed interface between the indifferent electrode 
(cathode during a mite operation) and ion conductor 140. 

Oxidizable electrode material may have a tendency to thermally dissolve or diffuse 
into ion conductor 140- particularly during fabrication and/or operation of structure 100. 
5 The thermal diffusion is undesired because it may reduce the resistance of structure 100 and 
: . thus reduce the change of an electrical property during use of structure 100. 

To fechice undesired diffusion of oxidizable electrode iriaterial into ion conductor 140 
and in accordance ivith another embodiment of the invention, the oxidiiable electrode 
includes a fietal intercalated in a transition metal sulfide or selenide material such as 
10 Aj^MBjDj^ ^wbef e ;A is Ag or Co, B is S or Se, M is a transition metal such as Ta, V, and H, 
and X ranges fibm about 0.1 to aboMt 0.7. The intercalated material mitigates undesired 
thermal diffusion of the metal (Ag or Cu) into the ion conductor material, while allowing the 
metal to participate in the electrodeposit growth upon application of a sufficient voltage 
. . across electrodes 1 20 and 130. For example, when silver in intercalated into a TaS? film, the 
B: TaS 2 film can include tip to about 66.8 atomic percent silver. The A*(MB2)i-* material is 
preferably amorphous tb prevent to prevent undesired diffusion of the metal though the 
material. The amorphous material may be formed by, for example, physical vapor 
deposition of a target material comprising Ax(MB^)i.x. 

ct-Agl is another suitable material for the oxidizable electrode, as well as the 
26 mtlirterent dectrode. Similar to the AJM&dhx material discussed above, ct-Agl can serve 
as ..a source of Ag during operation of structure 100 — e.g., upon application of a sufficient 
bias, but the sirvet in the Agl material does not readily thermally diffuse into ion conductor 
140. Agl has a relatively low activation energy for conduction of electricity and does not 
require doping to achieve relatively high conductivity. When the oxidizable electrode is 
2S( jornTed of Ag?, oN^etkrii of silver in the Agl layer inay arise during operation of structure 
f 1(K), unless excess sirVer is prbvided to the electrode. One way to provide the excess silver 
is to form a silver layer adjacent the Agl layer as discussed above when Agl is used as a 
buffer layer. The Agl layer (e:g., layer 155 an^ 

ion conductor 140, but does not significantly affect conduction of Ag during operation of 
. 30 structure 100. In addition, use of AgJ increases the operational efficiency of structure 1 00 
because the Agl mitigates non-Faradaic conduction (conduction of electrons that do not 
participate in the electrochemical reaction). 
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: Otiicr martends suitable for btiffer layers 155 and/or 255 include GeO* and SiO». 
Amc^Iions GeO* is relatively porous an will "soak ujp'* silver (hiring operation of device 
. -100^ b*it retard the thermal diffusion of silver to ion conductor 140,. compared to 
structured or devices that do not include a buffer layer. When ion conductor 140 includes 
gerfnannlrh, GeQ* may be formed by exposing ion conductor 140 to an oxidizing 
lenV^ at a tbnpdrature of about 300 °C to about 800 °C or by exposing ion conductor 
140 to an oxidizing environment in the presence of radiation having an energy greater than 
the band gaj> of the ion conductor material. The GeOj may also be deposited using physical 
vapor deposition (from a GeCb target) or chemical vapor deposition (from GeHi and an Q2). 

Buffer layers can also be used to increase a "write voltage" by placing the buffer 
layer (cLg., GeOj or SiO*) between ion conductor 140 and the indifferent electrode. The 
buffer materia] allows rnetal such as silver to diffuse though the buffer and take part in the 
ele^odjernical reaction. 

In accordance with one embodiment of the invention, at least one electrode 120 and 
130 is formed of material suitable for use as an interconnect metal For example, electrode 
1^0 ioay form part of an interconnect structure within a semiconductor integrated circuit. In 
accordance with One aspect of this embodiment, electrode 130 is formed of a material that is 
substantially insoluble in material comprising ion conductor 140. Exemplary materials 
suitable for both interconnect and dectrode 130 material include metals and compounds 
such as tungsten, nickel, molybdenum, platinum, metal silicides, and the like. 

Layers 155 and/or 255 may also include a material that restricts migration of ions 
between conductor 140 and the electrodes. In accordance with exemplary embodiments of 
the invention, a barrier layer includes conducting material such as titanium nitride, titanium 
timgsten, a combination thereof or the like. The barrier may be electrically indifferent, ie., 
itj all^ through structure 100 or 200, but it does not itself 

< ctfnuTbutfc ions to connection through structure 200. An electricaily ^different barrier may 
reduce undelsired dendrite growth during operation of the prograrmnable device, and thus 
may facilitate an "erase'* or dissolution of dectrodeposit 1 60 when a bias is applied which is 
opposite to that used to grow the dectrodeposh. In addition, use of a conducting barrier 
allows for the "indifferent electrode to be formed of oxidizable material because the barrier 
prevents diffusion of the electrode material to the ion conductor. 

Ion conductor 140 is formed of material that conducts ions upon application of a 
sufficient voltage. Suitable materials for ion conductor 140 include glasses and 
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ieMcdihidior materials. In one exemplary embodiment of the invention, ion conductor 140 
is formed of chalcogeande material. 

Ion conductor 140 may also suitably include dissolved conductive material. For 
exarnpie, Ion conductor 140 may comprise a solid solution that includes dissolved metals 
■5 and/or rnetal ions. In accordance with one exemplary embodiment of the invention, 
conductor 140 includes joaetal and/or metal ions dissolved in chalcogenide glass. An 
exerin>lary chalcogenide glass with dissolved metal in accordance with the piesent invention 
mcludfes a stolid solution of AsA.^Ag, Ge^Sej^Ag, Ge£±rA& As^Si^Cu,. GexSe,^Cu, 
Ge^i-r-Gu, where x ranges from about 0.1 to about 0.5 other chalcogenide materials 
10 including silver, copper^ zinc, combinations of these materials* and the like. In addition, 
conductor 140 may include network modifiers that affects mobility of ions through 
conductor 140. For example, materials such as metals (e.g., silver), halogens, halides, or 
hydrogen may be added to conductor 140 to enhance ion mobility and thus increase 
', erase/write speeds of the structure. 
15 A solid solution suitable for use as ion conductor 140 may be formed in a variety of 

ways. For example, the solid solution may be formed by depositing a layer of conductive 
material such as metal over an ion conductive material such as chalcogenide glass and 
exposing the metal and glass to thermal and/or photo dissolution processing. In accordance 
with ode exemplary ernbodirtient of the invention, a solid solution of A&x&s-Ag is formed by 
20 depositing As^ onto a substrate, depositing a thin film of Ag onto the As^S^ arid exposing 
"... the films to light having energy greater than the optical gap of the AS2S3,— light having a 
waVden^of less than about 500 nanometers. If desired, network modifiers may be added 
to conductor 140 during deposition of conductor 140 (ag^ the modifier is in the deposited 
fnaterial or present during conductor 140 materia} deposition) or after conductor 140 material 
25 deposited (e.g., by exposing conductor 140 b an atmosphere including the . network 

In accordance with another embodiment of the invention, a solid solution may be 
. formed by a^epashing one of the constituents onto a substrate or another material layer and 
reacting the first consfifoent wito ^ 
30 amorphous) may be deposited onto a portion of a substrate and the germanium may be 
reacted with H^Se to form a Ge-Se glass. Similarly, As can be deposited and reacted with 
the EbSe gas, or arsenic or germanium can be deposited and reacted with H?S gas. Silver or 
other metal can then be added to the glass as described above. 
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In accordance with one aspect of this embodiment, a solid solution ion conductor 140 
is forincd by depositing sufficient metal onto an ion conductor mated al such that a portion of 
the metal can bb' dissolved Tirithih the ion conductor material and a portion of the metal 
remains On a surface of the ion conductor to form an electrode {e.g., electrode 120). in 
accordance with ahemative embodiments of the invention, solid solutions containing 
- dissolved metals irmy be directly deposited onto substrate 1 10 and the electrode then formed 
overlying the ioii conductor. 

An amount of 1 conductive material such as metal dissolved in an ion conducting 
material such as chalcogenide may depend on several factors such as an amount of metal 
available for dissolution and ail amount of energy applied during the dissolution process. 
However, when a sufficient amount of metal and energy are available for dissolution in 
chalcogenide material tiding photodissohrtion, the dissolution process is thought to be self 
limiting, substantially halting when the metal cations have been reduced to their lowest 
oxidation state: in the case of AsA-Ag, this occurs at Ag«As2S3 = 2AgaS + A&iS, having a 
silver concentration of about 44 atomic percent It; on the other hand, the metal is dissolved 
in the chalcogenide material using thermal dissolution, a higher atomic percentage of metal 
in the solid solution may be obtained, provided a sufficient amount of metal is available for 
dissolution. 

In accordance with a further embodiment of the invention, the solid solution is 
formed by photodissohrtion to form a macrolumiogeaieous ternary confound and additional 
metal ig added to the solution using thermal diffusion (e.g., in an inert environment at a 
teaiperature of abotit 85 °C to about 150 °C) to form a Solid solution cotiaining, for 
-example, about 30 to about 50, and preferably about 34 atomic percent silver. Ion 
conductors having a metal concentration above the photodissbtotion solubility level 
facilitates formation of electtode^afts that are thermally stable at operating temperatures 
(topically abottt & 6 C Jo abowt 150 of device* 100 and 500. Ahernatively, the solid 
solution may be formed by thermally disserving the metal into the ion conductor at the 
temperature noted above; however, solid solutions formed exclusively from photocfissolution 
are thought to be less homogeneous than films having similar metal concentrations formed 
using photodissohrtion and thermal dissolution 

Ion conductor 140 may also include a filler material, which fills interstices or voids. 
Suitable filler materials include non-oxidizable and non-silver based materials such as a non- 
conducting, immiscible silicon oxide and/or silicon nitride, having a cross-sectional 
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diBCiiKiaoh of less than abbut 1 n™> ^*i<* do not contribute to the growth of an 
electrOdeposit. In this case, the filler material is present in the idh conductor at a volume 
percent of up to abbot 5 percent to reduce a likelihood that an electrodeposh will 
spontaneously dissolve into the supporting ternary material as the device is exposed to 
. elevated temperature, which leads to more stable device operation without coirjproffiisirig the 
fldforinance of the device.' Ion conductor 140 may also include filler material to reduce an 
effective CTOSS-sectional area of the ion conductor. In this case, the concentration of the 
filler material, which may be the same filler material described above but having a cross- 
sectional dimension up to about 50 nm, is present in the ion conductor material at a 
concentration of up to about 50 percent by volume, the filler material may also include 
metal such as silver or copper to rill the voids in the ion conductor material. 

In accordance with one exemplary embbdhnent of the invention, ion conductor 140 
includes a genttanhinvseJenide glass with silver drffused in the glass. Germanium selenide 
materials are typically formed from selenium and Ge(Se)vj tetrahedra that may combine in a 
variety of Ways. In a Se-rich region, Ge is 4^fofd coordinated and Se is 2-fold coordinated, 
which means that a glass composition near Geo^oSeoio will have a mean coordination 
number of about* £4. Glass with this coordination number is considered by constraint 
counting theory to be optimally constrained and hence very stable with respect to 
- devitrification, the network in such a glass is known to self-organize and become stress- 
free, making it easy for any additive, eg., silver, to finely disperse and form a mixed-glass 
solid solution. Accordingly, in accordance with One embodiment of the invention, ion 
conductor 140 includes a glass having a composition of Ge^SeO -to to Ge^Se^s- 

The composition and structure of ion conductor 140 material often depends on the 
starting or target material used to form the conductor. Generally, H is desired to form a 
i^mt^ibiis material layer fhr ; cotfito«dr 140 to 6ciBtate reliable arid repe^table device 
performance. In accordance with one enibodimerrt of the invention, a target for physical 
vapor deposition of material suitable for ion conductor 140 is formed by selecting a proper 
ampoule, preparing the ampoule, maintaining proper temperatures during formation of the 
glass, slow rocking the composition, and quenching the compOsrrioa 

Volume and wall thickness are important factors for consideration in selecting an 
ampoule for forming glass. The wall thickness must be thick enough to withstand gas 
pressures that arise during the glass formation process and are preferably thin enough to 
facilitate heat exchange during the formation process. In accordance with exemplary 



13 



WO 02/21542 PCT/US01/28266 

eibbodiment of the invention, ojiartz an^ 

;to ferin Se arid Te based chalctogeaide glasses, whereas quartz ampoules with a wall 
thickness of about 1.5 mm are used to form sulfur-based chalcogeoi In addition, 

the volume of the ampoule is preferably selected such that the voforhe of the ampoule is 
5 about five times greater than the liquid glass precursor material 

Once the ampoule is selected, the ampoule is prepared for glass fonnaiion, in 
accordance with one embodiment of the invention, by cleaning the arnpoule with 
hydrofluoric acid, ethanol and acetone, drying the ampoule for at least 24 hours at about 120 
. °C, evacuating the ampoule and heating the ampoule until the ampoule turns a cherry red 
10 color and cooling the ampoule under vacuum, filling ampoule with charge and evacuating 
the ampoule, heating the ampoule while avoiding melting of the constitu ents to desorb any 
remaining oxygen^ and sealing the ampoule. This process reduces oxygen contamination, 
. - which in turn promotes mafrohomogeneous growth of the glass. 

The melting temperature of the glass formation process depends on the glass 
15 material. In the case of germarlrunvbased glasses, sufficient time for the chalcogen to react 
at low temperature with all available germanium is desired to avoid explosion at subsequent 
elevated temperatures (the vapor pressure of Se at 920 °C is 10 ATM and 20 ATM. for S at 
720*0). To reduce the risk of explosion, the glass formation process begins by ramping the 
ampouJe temperature to about 300 °C for sdenmnvbased glasses (about 200 °C for sulfur- 
20 based glasses) over the period of about an hour and maintaining this temperature for about 
12 hours. Next, the ternperature is elevated slowly (about 0.5 °C/min) up to a temperature 
about 50 °C higher than the ti^ 

about tins tempm The ternperatae is then devated to about 940 °C 

V to ensure rnelting of all non-reacted gerrnariium for Se-based giaSsetf or about 700 °C for S- 
i5 based glasses. The atrfpotile should remain at this elevated te^eratufe for abdut 24 hdurs. 
The melted glass conxposiuon is pref^ 
at least about six hours to increase the homogeneity of the glass. 

(Reaching is preferably performed from a temperature at which the vapors and the 
liquid aire in an equilibrium to produce vitrification of the desired composition. In this case, 
30 the querrchirig temperature is about 50 °C over the liquidus temperature of the glass material 
Chalcogenide-rich glasses include a range of concentrations in which under-constrained and 
over-constrained glasses exist In cases where the glass composition coordinated number is 
far from the optimal coordination (e.g., coordination numbers of about 2.4 for Ge-Se 
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systems) the quenching rate has to be last enough in order to ensure vitrification, 
quenching in ice~watef or an even stronger coolant such as a mixture of urea and ice-water, 
to the ci^ of optimally 

*C. 

5 ft ac&rdtttcew^ 

structure l ot) is formed wrthin a via of ah insulating material 156. Forming a portion 6f 
structure 100 within a via of an insulating material 150 may be desirable because, among 
other reasons, such fonnation allows relatively small structures, e.#, on the order of 10 
nanometers, to be formed In addition, insulating material 150 facilitates isolating various 
; 10 structures 100 from other dectric^ components. 
Insuku^ material 15 

electrons and/or ions torn structure 100. In accordance with one emrx>diment of the 
invention, material 150 includes silicon nitride, silicon oxyrirrride, polymeric materials such 
as polyimide or parylene, or any combination thereof. 

15 A contact 165 may suitably be electrically coupled to one or more electrodes 120,130 

to facilitate fonrnng electrical contact to the respective electrode. Contact 165 may be 
formed of any conductive material and is preferably formed of a metal such as aluminum, 
ahinurrum alloys, tureen, or copper. 

Iri accordance with one embodtoent of the Invention, structure 100 is formed by 

20 forming electrode 130 on substrate 1 10. Electrode 130 may be formed using any suitable 
method such as, for example, depositing a layer of electrode 130 material, patterning the 
electrode material, and etching the material to form electrode 130. Insulating layer 150 may 
be formed by depositing insulating material onto electrode 130 and substrate 110 and 
forming vias in the insulating material using appropriate patterning arid etching processes. 

25 Ion conductor 140 and electrode 120 may then be formed within insulating layer 150 by 
depositing ion coridoctor 146 fnaterial and electrode 120 inaterial within the via. Such ion 
cdrsdoctor and electrode material deposition may be selective - /.k, the material is 
substantially deposited only within the via, or the deposition processes may* be relatively 
nonselective. If ojae or more non-selective deposition methods are used, any excess 

30 material remaining on a surface of insulating layer 150 may be removed using, for example, 
chemical mechanical relishing and/or etching techniques. Barrier layers 155 and/or 255 
may similarly be formed using any suitable deposition and/or etch processes. 
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Irifc*iiiatioh may be stored using programmable structures of the present invention by 
rna%*ulattog one or more dectricai properties of the structures. For example, a resistance of 
i stractiire may be changed from a "CT or off state to aT or on state during a suitable write 
operation. Similarly, the device may be changed from a "1* state to a T state daring an 
5 erase operation. In addition, as discussed in more detail below, the Structure may have 
rnuhiple programmable states such that multiple bits of information axe stored in a single 
structure. 

10 Figure 3 illustrates current-voltage characteristics of a programmable structure (eg. 

structure 200) in accordance with the present invention. In the illustrated embodiment, via 
. diameter, D, is about 4 microns, conductor 140 is about 35 nanometers thick and formed Of 
Ge3SerAg (near AsgGfySenX electrode 130 is indifferent and formed of nickel, electrode 
120 is formed of silver, and barrier 255 is a native nickel Oxide. As illustrated in Figure 3, 

15 current through structure 200 in an off state (curve 310) begins to rise upon application of a 
bias of Over about one volt; however, onfce a write step has been performed (Le., ah 
electrodeposit has formed), the resistance through conductor 140 drops significantly (i.e„ to 
about 200 ohms)* illustrated by curve 320 in Figure 3. As noted above, when electrode 130 
is coupled to a more negative end of a voltage supply, compared to electrode 120, an 

20 electrodeposit begirjs to forin near electrode 130 and grow toward electrode 1201 Ah 
effective threshold voltage (i.e., voltage required to cause growth of the electrodeposit and to. 
break through barrier 255, thereby coupling electrodes 320, 330 together is relatively high 
because of barrier 255. In particular, a voltage V£ V T must be applied to structure 200 

; suffirifehtto caused elettroWto turn (when barrier 255 comprises an 

^ insulafeg layer) to fctin the electrodeposit and to overcome the barrier (e^g; by tuhne&g 
through or leakage) and conduct through condu ctor 140 and at least a portion of barrier 255. 

In accordance with alternate embodiments of the invention, where no insulating 
barrier layer is present, an initial "write" threshold voltage is relatively low because no 
insuiatrve barrier is formed between, for example, ion conductor 140 and either of the 
electrodes 120, 130. 
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A state of the device (&.g., 1 or 0) may be read, without significantly disturbing the 
state, by, for example, applying a forward or reverse bias of magnitude less than a voltage 
threshold (about 1.4 V for a structure ilmstrated in Figure 3) for eJectrodeposrtion or by 
5 using a current limit /which is less than or equal to the minimum programming current (the 
current which will produce the highest of the on resistance values). A current limited (to 
about 1 milliamp) read operation is shown in Figure 3. In this case, the voltage is swept 
from 0 to about 2 V and the current rises up to the set limit (from 0 to 0.2 V), indicating a 
low resistance (ohmic/linear currerrt-vohage) "on" state. Another way of performing a non- 
10 disturb read operation is to apply a pulse, with a relatively short duration, which may have a 
voltage higher than the dectrochemical deposition threshold Voltage such that no appreciable 
Farfdaic current flows, nearly all the current goes to rx>larizmg/charging the device and 
not into the electrodeposition process, 

15 ERASfi OJp£fcAll0N 

A programrhable structure (e.g., structure 200) may suitably be erased by reversing a 
bias applied (Turing a write operation, wherein a magnitude of the applied bias is equal to or 
greater than the threshold voltage for electrodeposition in the reverse direction. In 
accordance with an exemplary embodiment of the invention, a sufficient erase voltage 

20 (Nfe Vf) is applied to structure 200 for a period of time which depends on the strength of the 

initial connection but is typically less than about I millisecond to return structure 200 to its 
"off state having a resistance well in excess of a million ohms. In cases where the 
programmable structure does not include a hairier between conductor 140 and electrode 120, 
a threshold voltage for erasing the structure is much lower, than a threshold voltage for 
'2*5 writing the structure because, unlike the write operation, the erase operation does hot require 
electron tunnclm^ 

OTrWROL OF OPERATIONAL PARAMETTfiRS 

the concentration of conductive material in the ion conductor can be controlled by 
30 applying a bias across the programmable device. For example, metal such as silver may be 
taken out of solution by applying a negative voltage in excess of the reduction potential of 
the conductive material. Conversely, conductive material may be added to the ion conductor 
(from one of the electrodes) by applying a bias in excess of the oxidation potential of the 
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iniiteriaL thus, for example, if the conductive material cdik^tifralion is above that desired 
for a particular device apphcation, the coficeniration can be reduced by reverse biasing the 
device to reduce the concentration of the conductive material. Similarly, metal may be 
added to the solution from the oxidizable electrode by applying a sufficient forward bias. 
5 Additionally, it is possible to remove excess metal build tip at the indifferent electrode by 
applying a reverse bias for an extended time or an extended bias over that required to erase 
the device Under ndrmal operating conditions. Control of the conductive material may be 
accdmpBshed automatically using a suitable microprocessor. 

this technique may also be used to form one of the electrodes from material within 

10 the ion conductor material. For example, silver from the ion conductor may be plated out to 
form the oxidizable electrode. This allows the oxidizable electrode to be formed after the 
device is fully formed and thus mitigates problems associated with conductive material 
diffusing from the oxidizable electrode during manufacturing of the device. 

As noted above, in accordance with yet another embodiment of the invention, 

15 multiple bits of data may be stored within a single programmable stmcture by controlling an 
amount of electrodeposit which is formed during a write process. An amount of 
electrodeposit that forms during a write process depends on a number of coulombs or charge 
supplied to the structure during the write process, and may be controlled by using a current 
limit power source. In this case, a resistance of a programmable structure is governed by 

20 Equation 1, where R«i is the "on" state resistance, Vr is the threshold voltage for 
dectrodeposhion and Jlm is the maximum current allowed to flow during the write 
operation. 

iu - — 

Equation 1 

25 In practice, the limitation to the amount of information stored in each cell will 

depend on how stable each of the resistance states is with nine. For example, if a structure is 
with a programmed resistance range of about 3.5 k£l and a resistance drift over a specified 
time for each state is about ±250 £2, about 7 equally sized bands of resistance (7 states) could 
be formed, allowing 3 bits of data to be stored within a single structure. In the limit, for near 
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zero drift in resistance in a specified time finrit, information coold be stored as a costmifflm 
of states, /.a, in analog form. 

A portion of an integrated circuit 402, including a programmable structure 400, 
configured to provide additional isolation from electronic components is illustrated" in Figure 
5 4. In accordance with ah exemplary embodiment of the present invention, structure 400 
* includes electrodes 420 arid 430, an ion conductor 440, a contact 460, and an amorphous 
silicon diode 470, such as a Schottky or p-n jurxtion diode, foimed between rootacl 46^ and 
electrode 420. Rows and columns of programmable structures 4(X) nmy r>e fabricated into a 
high density configuration to provide extremely large storage densities suitable for memory 

10 circuits. In general, the maximum storage density of memory devices is limited by the size 
and complexity of the column and row decoder circuitry. However, a programmable 
structure storage stack can be suitably fabricated overlying an integrated circuit with the 
entire semiconductor chip area dedicated to row/column decode, sense amplifiers, and data 
management circuitry (not shown) since structure 400 need not use any substrate real estate. 

15 In this manner, storage densities of many gigabits per square centimeter can be attained 
using programmable structures of the present inventioa Utilized in this manner, the 
programmable structure is essentially an additive technology that adds capability and 
functionality to existing semiconductor integrated circuit technology. 

Figure 5 schematically illustrates a portion of a memory device including structure 

20 400 having an isolating p-n junction 470 at an intersection of a bit line 510 and a word line 
520 of a memory circuit. Figure 6 illustrates an alternative isolation scheme employing a 
transistor 610 interposed between an electrode and a contact of a programmable structure 
located at an intersection of a bit line 610 and a word line 620 of a memory device. 

Figures 7-10 illustrate programmable devices in accordance with another 

25 enibo^eirt of the mveMoit The devices flhisu^ted in Figures 7-10 have an electrode (e.g., 




a write process) with a smaller cross sectional area in contact with the ion 



conductor compared to the devices illustrated in Figures 1-2 and 4. the smaller electrode 
interface area is thought to increase the efficiency and endurance of the device because an 
increased percentage of ions in the solid solution are able to take part in the electrodeposit 
30 formation process. Thus any cathode plating from ions that do not participate in the 
electrodeposit process is reduced. 

Figures 7 and 8 illustrate a cross sectional and a top cut-away view of a 
programmable device 700 including an indifferent electrode 710, an oxidizable electrode 
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720, and an k>n <#wiuctor 730 former overlying an insulating layer 740 such as silicon 
oxide, silicon nitride, Or the fike. 

Structure 700 is formed by depositing an indifferent electrode material layer and an 
insulating layer 750 overrying insulating layer 740. A via is then formed through layer 750 
5 anti dectrode rnaterial layer 710, using an anisotropic etch process (e.g., reactive ion etching 
or ion naiJlmg) such via extends to and/or through a portion of layer 740. The via is 

then filled with ion conductor material and is suitably doped to form a solid solution as 
described herein. Any excess ion conductor material is removed from the surface of layer 
750 arid electrode 730 is formed, for example using a deposition and etch process. In this 

10 case, the indifferent electrode (cathode during write process) area in contact with ion 
conductor 730 is the surface area of electrode 710 about the perimeter of conductor 730, 
rather than the area underlying the ion conductor, as illustrated in Figures 1-2 and 4. 

Figures 9 and 10 illustrate a programmable device 900 having an indifferent 
ele^t>de 910, aiibxidizable electrode 920, an ion conductor 930 and insulating layers 940 

15 and 950 in accordance with yet another embodiment of the invention. Structure 900 is 
similar to structure 700, except that once a via is formed through layer 750, an isotropic etch 
process (e g, chemical or plasma) is employed to form the via through electrode 910, such 
that a sloped intersection between an ion conductor 930 and electrode 91 0 is formed. 

Figures 11 and 12 illustrate another programmable device 1100, with a reduced 

20 . electrode^on conductor interface, in accordance with the present invention. Structure 1 100 
includes electrodes 1110 and 1120 and an ion conductor 1130, formed on a surface of an 
insulating material 1140, rather than within a via as discussed above. In this case, the 
programmable structure is formed by defining an ion conductor 1 130 patter on a surface of 

. ' totaling material 1140 (e.g., using deposition and etch techniques) and forming electrodes 

25* HlO ^1120, such thai the dectrodes each contact a portion of the ion conductor. In the 
case 6^ electrodes are formed overlying and in contact with 

both a portion of the ion conductor and the insulating material. Although the thickness of 
the layers may be'varied in accordance with specific applications of the device, in a preferred 
embodiment of the invention, the thickness of the ion conductor and electrode films is about 

30 1 nm to about 100 nnx Sub-lithographic lateral dimensions of portions of the device may be 
obtained by overexposing photoresist used to pattern the portions and/or over etching the 
film layer. 
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Figure 13 illu istoaies a device 1300 in accordance with yet another embodiment of the 
rrrveDtion. Stnjctiirfer 1300 is similar to the devices illustrated in Figure 7 and 8, except that 
the cross-sectiOr^ 

by filling a portion of a.via with non-ion conductor material, rather than etching through an 
5 aectfolie layer. 

: Sfrtbtiire f^ibcii&to dectrbdes l3T0 arid 1320 and an ion cdh&tftor 1330 formed 
Within ati moating lafjfer 1340. In this case^ ion conductor 1330 is formed by creating a 
trench witfcdn inciting layer 1340, the trench having a diameter indicated by D2. The 
. trench is then filled using, for example, interference lithography techniques or confonnalfy 

10 lining the via with inflating material and using an anisotropic etch process to remove some 
of the insulating material, leaving a via with a diameter of D3. Structure 1300 formed using 
tins fechni(fue may have a ion conductor cross sectional area as small as about lOnm in 
contact with electrodes 1310 and 1320. 

Figures 14-17 illustrate another embodiment of the invention, where the cross 

15 sectional area of the ion conductor/dectrode interface is relatively small. Structure 1400, 
iihistratttl m Kg&re 14, incrodes electrodes 1410 and 1420 and ah ion conductor 1430. 
Structure 1400 is formed in a manner similar to structure 700, except that the ion conductor 
material is deposited conformably, using, for example chemical vapor deposition Or physical 
vapor deposition, into a trench, and the trench is not filled with the ion conductor material 

2:0 Structure 1500 is similar to structure 1400, except that an ion conductor 1530 is 

formed by etdiing a portion of ion conductor 1430, such that a via 1540 is formed through to 
electrode 1410. lecture 1600 is similar to structure 1500 and is formed by conformally 
depositing the ion conductor material as described above and then removing the ion 
conductor rnaterial from a surface of insulating material 1450 prior to depositing electrode 

25 14i0 material ^ structure 1700 may be formed by selectively deposing the ion 
conduct 1736 niaieriai imo only a portion bf the trench formed in insulating rnaterial 1450 
(e:g^ using angled deposition and/or shadowing techniques), removing any excess ion 
conductor material On the surface of insulator 1450, and forming an decode 1720 
overlying the insulator and in contact with ion conductor 1730. 

30 Figures 18 and 19 illustrate yet another embodiment of the invention, where a pillar 

or wall within a trench is used to reduce a cross-sectional area of the interface between the 
ion conductor and one or more electrodes. Structure 1 800, illustrated in Figure 18, includes 
electrodes 1810 and 1820 and an ion conductor 1830 formed within an insulating layer 1840. 
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In a&fitibn, stnrctuire 1B00 itickdes a pillar 1850 of insulating material (eg., insulating 
mater&usedtoforni%^ Structure 1800 

may be forhied using the shadowed deposition technique discussed above. Structure 1900 is 
sirnilar to structure 1800, except structure 1900 includes a partial pillar 1950 and an ion 
conductor 1930, which fills tile remaining portion of the formed trench. 
^ figure 20 illustrates yet another structure 2000 in accordance with the present 
invention. Structure 2000 includes electrodes 2010 and 2020 and an ion conductor 2030 
formed within an insulating layer 2040. Structure 2000 is formed using an anisotropic or a 
combination 6i an anisotropic and an isotropic etch processes to form a tapered via. Ion 
conductor 2030 is then farmed within the trench using techniques previously described. 

Figures 21-24 illustrate programmable devices in accordance with yet another 
embodiment of the invention. The structures illustrated in Figures 21-24 include a floating 
electrode, which allows multiple bits of information to be stored within a single 
progranimable device. 

StroctUre 2100 includes a first electrode 2110, a second, floating electrode 2120, a 
third electrode 2130, ion conductor portions 2140 and 2150, which may all be formed on a 
substrate or wholly Or partially formed within a via as described above. Although structure 
2100 is illustrated , in a Vertical configuration, the structure may be formed in a horizontal 
configuration, similar to structure 1 100. In accordance with one aspect Of this embodiment, 
the first and third electrodes are fonned of an mdifFerent electrode and the second electrode 
is formed cf an oxidizable electrode material Alternatively, the first and third electrodes 
ihny be formed of oxidfcable electrode material and the second, floating electrode may be 
formed of an indifferent electrode material. In either case, the structure includes two "half 
cells," Where each half ceD functions as a programmable device described above in 
wnnecuon with Figuref 1 Each half cell is preferably configured such that the resistance of 
one half cell difteri ^m the^riesisMce of the other half cell when both cells are in an erased 
: state. • " ' . ".- 

In the case when floating electrode 2120 is formed of oxidizable electrode material, 
bits of data may be stored as follows, the overall impedance of structure 2100 is 
approximately equal to the resistance of portions 2140 and 2150. When no electrodeposit is 
formed within either portion, this high resistance state may be represent by the state 00. 
When a voltage is applied to structure 2100, such that electrode 2130 is positive relative to 
electrode 21 10 and the applied bias is greater that the threshold voltage required to form an 
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tlectrodqybst in portion 2140, an elediodep^^ 

2140 from electrode 2110 toward floating dectrode 2120 as iDnstrated in Figure 22. Under 
to coftlition, an de<3^ 

2150 is unde* a reverse bias condition and thus will not support growth of an electrodeposit 
5 The growth of the electrbdeposit will change the impedance of portion 2140 from Zi to Zj% 
tiros change 

61. Ilie current level used to form electrodeposit 2160 should be selected such that it is 
sufficiently low> allowing the electrodeposit to be dissolved upon application of a sufficient 
reverse bias. A third state ma"y be formed by reversing the polarity of the applied bias across 
10 electrodes 2110 and 2130, such that mbst of the voltage dro|> occurs across the high 
resistance ion conductor portion 2150 and formation of an electrodeposit 2176 begins, as 
. ilrostrated m i%urc 

portion 21 50 changes from Zj to Za\ and the overall impedance of structure 2 1 00 is Z\ * plus 
%l> which may be represented by the state 1 1. Once both half cells are in the write state, 
15 electrodeposit 21 66 and/or 2170 may be dissolved by applying a sufficient bias across one or 
both of the half cells. Electrodeposit 2170 can be erased, for example, by sufficiently 
negatively biasing electrode 2130 with respect to electrode 2110, which may be represented 
by a state 00. The four possible states, along with the airrent Imh used to form the state, are 
represejEited in Stable 1 beloiv. 
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Structure 2100 can be changed to 11 from state 10 by applying a low current limit 
25 bias to grow electrodeposit 21 50 in portion 2140. Similarly, structure 21 00 can be changed 
from State 11 to state 01 by dissolving electrodeposit 2170 by applying a relatively high 
current limit bias such that upper electrode 2130 is positive with respect to lower electrode 
2110. Finally, structure 2100 can be returned to state 00 using a short current pulse to 

23 



f 



tb^itthlly dissolve dectrbdejush 2160, rising a current which is high enough to cause 
Ibcalized heating of the dectrodeposiL This will increase the metal concentration in the 
half-cell but this excess metal can be removed electrically from the cell by plating h back 
oitto the floating electrode. This sequence is summarized in table 2 below. 
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01 
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tJpper + I^er-- 


Thermal 


Z, 


z, • 


00 



Table! 



Other ivrite and erase sequences are also possible (as are other definitions of the 

10 various states refrfeSeifted by the half-cell impedances). For example, it is possible to go 
from state 00 to either, state 01 or state 10, depending on the write polarity chosen. 
Smrilarry, h is possibl e to go from state 1 1 to either state 1 0 or state 01. It is also possible to 
go from state 1 1 to stale 00 by the application of a current pulse (in either direction) which is 
high and short enough to thermally dissolve the electrodeposhs in both half-cells 

15 simultaneously. 

In addition to storing information in digital form, structure 2100 can also be used as a 
noise-tolerant, loW energy anti-fuse element for use in field programmable gate arrays 
(FKxAs) and field configurable circuits and systems. Most physical anti-fuse technologies 
require large ctoents ami Voltages to make a perrnanent cormettion. the need for such high 

20 energy stit^swtchmg sriinuli is generally cornered to be somewhat beneficial as this 
reduces tlfe lnVelihood of the anti-fuse accidentally forming a connection in electrically noisy 
situations. However, the use of high voltages and large currents on chip represent a 
significant problem as all components in the prograinrning circuits are typically sized 
accordingly and the high energy consuxription reduces battery life in portable systems. 

25 Figures 25-29 illustrate structures in accordance with another embodiment of the 

invention in which multiple programmable devices include a common electrode (e.g., the 
devices share a common anode or cathode. Forming structures in which multiple structures 

24 
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share a common electrode is advantageous because such structures allow a higher density of 
cells to be formed on a given substrate surface area. 

1 Figures 25 and 26 illustrate a structure 2500, having a horizontal configuration and a 
common dectrode. Stocture 2500 includes an electrical connector 2510 coupled to a 
5 common surface elecittftle 2520, electrodes 1530 and 2540, and ion conductor portions 2550 
and 2560 overlying an nlsulating layer 2170. Stimctute 2500 may be ufced to form word arid 
bit lines as described above by forming a row of electrodes (e.g, anodes) coupled to 
conductor 2510, and columns of oppositely bias electrodes (e:g, cathodes) running 
perpendicular to electrodes 2520. A conductive plug, formed of any suitably conducting 
10 material can be used, to de^tricaDy couple electrode 2520 to conductor 2510. Although 
illustrated with a horizontal configuration, common electrode structures in accordance with 
this embodiment may be formed using structures having a vertical configuration as described 
herein 

Figures 27 and 28 illustrate additional structures 2700 and 2800 having a common 
15 electrode Shared between two or more devices Structures 2700 and 2800 include a common 
electrode, electrodes 2720 and 2725, ion conductors 2730,2735 and 2830, 2835 respectively, 
and insulating layers 2740 and 2750. Structures 2700 and 2800 may be formed using 
techniques described above in connection with Figures 15 and 16 — e.g., by conformaHy 
depositing ion conductor material whlnn a trench of an In accordance with 

20 another embodiment of the invention, directional deposition may be used to form a structure 
sunilar to struct^ Structures 2700 and 2&00 each include two programmable devices 
mcmding contmon electrode 2710 an ion conductor (e.g, conductor 2735) and another 
electrode (e.g., electrode 272$). Dielectric material 2750 is an insulating materia] that does 
not interfere with surmce electrbdeposH growth, such as silicon oxides, Silicon nitrides, and 

figure 29 n%8trates a sbiicture 2&00 induding multiple progranimable devices 2902- 
2916 formed about a common electrode 2920. Each of the devices 2902-2916 may be 
formed using the method described above m In me embodiment 

illustrated in ftgure 29, each of electrodes 2930-2936 and 2938-2944 may be coupled 
30 together in a direction perpendicular to the direction of common electrode 2920, such that 
electrode 2920 forms a bit line and electrodes 2930-2936 and electrodes 2938-2944 form 
word lines. Structure 2900 may operate and be programmed in a manner similar to structure 
2 100 described above. 

25 
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111 actdtdxhce with other embodiments of tlie present invention, a programmable ; 
s&tctnre or device stores information by storing a charge as opposed to growing an 
electrodeposit. A capacitance of a structure or device is altered by applying .a bias across 
dectrodes of the device such that positively charged ions migrate toward one of the 
5 electrodes. If the' applied bias is less that a write threshold voltage, no short will form 
betwe^ the elec^ddes. Capacitance of the sWctore changes as a 

When the applied bias is removed, the metal ions tend to diffuse away from the electrode or 
a barrier prbxifnate the electrode. However, ah interface between an ion conductor and a 
barrier is generally imperfect and includes defects capable of trapping ions. Urns, at least a 
10 pOrtioh of ions remain "at or proximate ah interface between a barrier aiid an ion conductor. 
. lfawritevotegeisreve^ 

A ptogranunable structure in accordance with the present invention may be used in 
many applications which would otherwise utilize traditional technologies such as EEPROM, 
PLASH or DRAM. Advantages provided by the present invention over present memory 
15 . techniques incJud^ iMiM>4g dther ttuiig^ lbiver ixr^ddedon odst'and tbe ability to use fleodble 
fabrication teenmques which are easily adaptable to a variety of applications. The 
programrhable structures of the present invention are especially advantageous in applications 
where cost is the primary concern, such as smart cards and electronic inventory tags. Also, 
an ability to form the memory directly on a plastic card is a major advantage in these 
20 applications as this is generally not possible with other forms of semiconductor memories. 

Further, in accordance with the programmable structures of the present invention, 
memory elements inay be scaled to less than a few square microns in size, the active portion 
of the device being less than on micron. This provides a significant advantage over 
traditional serxueondnctor technologies in which each device and its associated interconnect 
.45 can take up several t ei^ of square microns. 

Additionally, the devices of the present inVentioh reduire relatively low energy and 
. do not require *Verreshing. w thus, the devices are well suitable for portable device 
applications: 

Although the present invention is set forth herein in the context of the appended 
30 drawing figures, it should be appreciated that the invention is not limited to the specific form 
shown. For example, while the programmable structure is conveniently described above in 
connection with programmable memory devices, the invention is not so limited; the structure 
of the present invention may suitably be employed as programmable active or passive 
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devices within a microdectronic circuit Furtherinrire, Bhhm^oi^ s(Ont 6flb& devices ate 
illustrated as including buffer, barrier, or transistor components; any of these components 
may be added to the devices of the present invention Various other modifications, 
Variations, and enhancements in the design and arrangement of the method and apparatus set 
forth herein, may be made without departing from the spirit and: scope of the present 
hiyentionas 
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CLAIMS : 

Wedaim: 

1. Anaicfroeiecbr^c^ 
5 an ion inductor farmed of an ion conductive material and conductive ions; 

anbxidiz^ 

an indhYerent electrode proximate the ion conductor, 

1 The mi^oekctronic programmable structure of cJaim i, further comprising a 
I D buffer layer between the oxidizable electrode and the ion conductor. 

3. The miCToelectronic programmable structure of claim 2, wherein tie buffer 
layer comprises a material selected from the group consisting of Ag«0, AgxS> Ag*Se, Agje, 

where x £ 2, Ag^, where y £ 1, Cufe, CuO, CuS, CuSe, Cute, GeCfe, and SiO* 

15 

4. The microelectronic programmable structure of claim 1, wherein the 
mdiftereirt electrode comprises platimini. 

5. The rrncfc^lectronic programmable structure of claim 1, wherein the 
2t> oxidizable electrode comprises a material selected from the group consisting of a transition 

metal sulfide and a transition metal selenrde. 

6. The microelectronic programmable structure of claim 5, wherein the 

1, tha Aic^ectronic programmable structure of claim 5, wherein the 
oxidizable electrode comprises TaS2. 

8. The microelectronic programmable structure of Claim 1, wherein the 
30 oxidizable electrode comprises Agl. 



9. The microelectronic programmable structure of claim 8, wherein the 
oxidizable electrode comprises excess silver. 
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10. The microelectrbnic programmable structure of claim j, Wherein the ion 
conductor comprises a solid solution selected from the group consisting of As*Si_*-Ag, 
<3ejSe>rAg, GcxSi-x-Ag, AsmS^-Co, Ge^SeM-Cu, GoxSj.^-Cu, where x ranges from about 

5 0.1 to about 0,5. 

11. The micToelectxonic programmable structure of claim 10, wherein the ion 
conductor comprises a filler material 

10 12. The iniCToelectronic programmable structure of claim 11, wherein the filler 

material comprises a oSeJectric and is present in the ion conductor at a volume percent of up 
to about 50 percent: 

13. The microelectronic programmable structure of claim 11, wherein the filler 
15 material comprises a dielectric and is present in the ion conductor at a volume percent of up 

to about 5 jpercent 

14. The microelectronic programmable structure of claim 11, wherein the filler 
material comprises silver. 

20 

15. The microelectronic programmable structure of claim I, wherein the ion 
conductor comprises a glass having a composition of GeanSe^a to Geo^Seuy* 

16. The micr^oelectronic programmable structure of claim 15, wherein the ion 
7 25 cohfector ^finther cornjxfi^t^^ abollt 34 j^cerit ^rver . 

17. The rnierc^ectronic programmable structure of claim 1, further comprising a 
transistor in contact with one of the tiridizable or the indifferent electrodes. 

30 18. The rnicrodectronic programmable structure of claim 1 , further comprising a 

diode in contact with one of the oxidizable or the indifferent electrodes. 
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19. The mjcroelectronic programmable structure of claim 1, wherein the ion 
. ' coiKhic4or is formed within a via in an insolatiog matisxial layer. 

20. The micjoelectronic programmable structure of claim 19, further comprising 
5 a tfode formed wftiin the via. 

21. The microelectronic programmable structure of claim 19, wherein the ton 
conductor contacts the indifferent electrode about a portion of the perimeter of the ion 
conductor. 

10 

22. The microelectronic programmable structure of claim 21, wherein the ion 
conductor contacts the indifferent electrode about a sloped portion of the perimeter of the ion 
conductor. 

15 23. The microelectronic programmable structure of claim 1, wherein the 

indifferent dectrode, the oxidizabie electrode, and the ion conductor are formed on a surface 
of an insulating niaterial layer. 

24. The microelectronic programmable structure of claim 1, wherein the ion 
20 conductor is formed within a via of a first insulating material layer, and wherein the 

programmable structure further comprises a second insulating material formed within the 
Via. 

25. The microelectronic programmable structure 6t claim 1, wherein the ion 
25 ejector is formed along a sadewall Of a via formed within an inimlating layer, 

26. Tbe microelectronic programmable structure of claim 1, wherein the ion 
conductor is formed within a sloped Via within an insulating material layer. 

30 27. The microelectronic programmable structure of claim 1, further comprising a 

barrier layer between the indifferent electrode and the ion conductor. 
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28. the microelectronic programmable structure of claim 27, Wherein the barrier 
layer comprises a conductive material. 

29. The nricroekctroiiic programmable structure of claim 27, wherein the barrier 
5 layer comprises an insulating material. 

30. The microelectronic programmable structure of claim 1, Wherein surface area 
of the indifferent electrode in contact with the ion conductor is less than the surface area of 
the oxkfcabJe electrode in contact whh the ion conductor. 

16 

31. The microelectronic programmable structure of claim 1, wherein an interface 
between the indifferent electrode and the ion conductor is roughened. 

32. A multi-cell programmable microelectronic device comprising: 
15 a first electrode of a first type; 

a second electrode of a second type; 

a first ion conductive material of a first resistance interposed between the first 
electrode and the second electrode; 

a third electrode of a first type; and 
20 a second ion conductive material of a second resistance interposed between 

the second electrode and the third electrode. 

.33. Thennilti^^ograniniablemiCT 
first and third electrodes comprise an indifferent electrode material and the second electrode 

^ CfrBl£^ 

34: The multi-cell programmable microelectronic device of claim 32, wherein the 
first and third electrodes comprise an oxidizable electrode material and the second electrode 
comprises an indifferent electrode material. 

30 

35. A multi-cell programmable microelectronic device comprising: 
a plurality of electrodes of a first type; 
a plurality of electrodes of a second type; and 
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a pJmilhy of k>n conductor stractu^ 
io& conductor structures is interposed between one of the plurality of electrodes of a first 
type and one of the plurality of electrodes of a second type, and 

wherein a plurality of electrodes of a first type are electrically coupled 

5 together, 

36. The muki-cell programmable microelectronic device of claim 35, wherein the 
plurality of electrodes 6f a first type comprise oxitfizable electrode material. 

Jr. 

10 37. The multi-cell programmable microelectronic device of claim 35, wherein the 

plurality of electrodes Of a JBr^ type comprise indigent de 

38. The mnlti-cell programmable microelectronic device of claim 35, wherein at 
least a portion of the plurality of ion conductor structures are formed within a via within an 

15 insulating material layer. 

39. The multi-cell programmable microelectronic device of claim 35, wherein at 
least a portion of the plurality of ion conductor structures are fbrrned on a surface of an 
isolating material layer 

26 

40. A method of forming a programmable microelectronic structure, the method 
comprising the steps of: 

providing a substrate; 

fanning a layer of electrode material of a first type overlying the subs 
25 formmg an h^aiong layer over 

j . ?m . ; \; ; :'" 

forming a via through the msnlaiing layer and the layer of electrode material 

OfafirstQjfe; 

depositing ion comforter material into the via; and 
30 forming an electrode of a second type overlying the ion conductor material 

41. The method of claim 40, wherein the step of forming a via includes 
isotropically etching the insulating layer. 
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42. The jnethod of claim 40, wherein the step of forming a via includes 
anisotropic^ etching the insulating layer. 

43. The method of claim 40, wherein the step of forming a via includes 
isbtropicalry etching the layer of electrode material of a first type. 

' 44. The method of claim 40, wherein the step of forming a via includes 
anisotropically etching the layer of electrode material of a first type. 

45. The method of claim 46, further comprising the step of applying a bias across 
the electrode material of the first type and the electrode material of the second type to 
manipulate a concentration of conductive material in the ion conductor. 

46. The method of claim 40, further comprising the step of applying a bias across 
the electrode material of the first type and me electrode material of the second type to 
manipulate an amount of conductive material present in one of the dectrode material of the 
first type and the electrode material of the second type. 

47. Trie method of claim 40, wherein the step of depositing ion conductor 
material comprises depositing germanhrm onto a surface and reacting the germanium with 
HiSe. 

48; The method of claim 40, wherein the step of depositing ion conductor 
; rttrterial^ arsenic onto a Surface and reacting the arsenic with H^Se. 

49. The method of daim 40, wherein the step of depositing ion conductor 
iflaterial comprises dej*>siting gerrnanmm onto a surface and reacting the germanium with 

50. The method of claim 40, wherein the step of depositing ion conductor 
material comprises depositing arsenic onto a surface and reacting the arsenic with H2S. 
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$h A iniethod of forming a programmable microelectronic device, the method 
composing the steps of: " 
fortiung an ion conductor structure overlying a substrate; 
depositing an dectroxle 

5. aiaJ 

patterning the electrode material Jay er to fom electrodes in contad with the 
. ionconfoctor^ 

52. The method of claim 51, wherein the step of fanning an ion conductor 
10 structure comprises deposnirig germarihim onto a surface and reacting the germanium with 

HjSe; 

53. A method of forming an electronic device, the method comprising the steps 

of: 

15 ^ormmgatii^dectro^ 

depositing a first insulating layer over a surface of a the first electrode; 
formiflg a Via in the fiisiinsuladng layer; 

depositing a second insulating material within a portion of the via; 
depositing ion conductor material within a portion of the via; and 
20 forming a second electrode overlying the ion conductor. 

54. Ine method of forming an electronic device of claim 53, wherein the step of 
depositing kin conductor material comprises the step of deposing the ion conductor material 

"' • within a via formed in the second insulating material 
& . ; , .... . - / 

The method of forming an electronic device of daim 55, wherein the step of 
dejx^ting a secbiid insulating material comprises using a directional deposition technique. 

56. The method of forming an electronic device of claim 53, wherein the step of 
30 depositing an ion conductor material comprises forming a conform al layer of ion conductor 
material 
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5*7. Tie method of forming an electronic device of claim 53, further comprising 
thie step of removing a portion of the ion conductor materia] from a surface of the first 
heating material 

5 5fc. A method of forming a multi-cell programmable device, the method 

d^ri^tk 

forming a first electrode on a Surface of a substrate; 
forming a first ion conductor poiticm overiying the first electrode^ 
forming a second electrode overiyh^ the first ion conducts 
TO forming a second ion conductor portion overlying the second electrode; and 

forming a third electrode overlying the second ion conductor portion. 



15 



59. A method of forming a glass composition, the method comprising the steps 



cleaning the ampoule using hydrofluoric acid; 
drying the ampoule for about 24 to about 120 hours at about 120 °C; 
evacuating the ampoule; 
hearing the ampoule until tiheamrx>ule turns red; 
20 filling the ampoule with a charge; 

heating the ampoule to a temperature below the melting temperature of the 



ramping the temperature at a rate of about 0.5 degrees per minute to a 
temperature about 50 °C higher than the liquidus temperature of the glass; and 

slow rocking the glass composition at a rate of about 20 per minute for a 
t si^ hour s. - 
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